Origin and rearrangement of ribosomal DNA repeats in natural allotetraploid Nicotiana tabacum are described. Comparative sequence analysis of the intergenic spacer (IGS) regions of Nicotiana tomentosiformis (the paternal diploid progenitor) and Nicotiana sylvestris (the maternal diploid progenitor) showed species-specific molecular features. These markers allowed us to trace the molecular evolution of parental rDNA in the allopolyploid genome of N. tabacum; at least the majority of tobacco rDNA repeats originated from N. tomentosiformis, which endured reconstruction of subrepeated regions in the IGS. We infer that after hybridization of the parental diploid species, rDNA with a longer IGS, donated by N. tomentosiformis, dominated over the rDNA with a shorter IGS from N. sylvestris; the latter was then eliminated from the allopolyploid genome. Thus, repeated sequences in allopolyploid genomes are targets for molecular rearrangement, demonstrating the dynamic nature of allopolyploid genomes.
Introduction
Speciation by interspecific hybridization and polyploidy (i.e., alloploidization) is widespread in higher plants (Grant 1981) . Despite the prevalence of polyploidy, however, the genetic attributes of polyploid species remain largely unexplored. Polyploid genomes appear to be dynamic (Soltis and Soltis 1995) . Genome rearrangements have been observed in allopolyploids (Kenton et al. 1993; Song, Tang, and Osborn 1995) , but the mechanisms and processes of such reorganization are not yet fully understood.
For protein-coding genes, the loci of one parental species are mainly transcriptionally active in polyploids, whereas loci from the other parent are gradually transformed into pseudogenes (Garcia-Olmedo et al. 1978) . However, very little is known about the molecular reconstruction of repeated sequences after allopolyploidization. A specific feature of molecular evolution of families of repeated sequences is the process of concerted evolution (Zimmer et al. 1980 ) that maintains identity of repeated-sequence copies in a genome and in populations (Dover and Tautz 1986) . Taking into consideration this phenomenon and bearing in mind that repeated sequences of at least two parental genomes are present in allopolyploids, it is reasonable to propose that interlocus homogenization of repeated sequences could take place.
The rDNA serves as a convenient model for the investigation of molecular changes in multigene families; it is located in the nucleolus organizing region (NOR) and consists of tandemly repeated units composed of 18S, 5.8S, and 25-28S rRNA genes and spacer regions. The rDNA intergenic spacer region (IGS) contains the transcription initiation site (TIS), the transcription termination site (TTS), and different regulatory elements (Hemleben and Zentgraf 1994; Moss and Stefanovsky 1995) . As a rule, several length and/or sequence variants of IGS are present in plant rDNA (Hemleben et al. 1988; King et al. 1993 ). Evolution of rDNA has a concerted character (Dover and Tautz 1986) .
Nicotiana tabacum (cultivated tobacco) is an extensively analyzed natural allotetraploid (2n ϭ 4x ϭ 48). Its allopolyploid origin has been demonstrated by investigation of chromosome morphology and pairing (Goodspeed 1959; Gerstel 1960 Gerstel , 1963 and by artificial resynthesis from the presumptive parental diploids (Ternovsky 1971) , Nicotiana sylvestris (2n ϭ 2x ϭ 24) and Nicotiana tomentosiformis (2n ϭ 2x ϭ 24). Comparative studies of proteins (Sheen 1972; Gray, Kung, and Wildman 1974) and both unique (Okamuro and Goldberg 1985) and repeated (Miroshnichenko, Volkov, and Kostishin 1988 ) DNA sequences confirmed this origin. Investigations of mitochondrial and chloroplast DNA indicated that a population similar to extant N. sylvestris donated the maternal genome of N. tabacum (Bland, Matzinger, and Levings 1985; Olmstead and Palmer 1991) . Knowledge about the origin and availability of many well-characterized genetic stocks make N. tabacum a favored plant model for investigation of molecular evolution and genome behavior in allopolyploids.
Recently, we compared the sequence organizations of the external transcribed spacers (ETSs) of the IGSs in N. tomentosiformis and N. sylvestris rDNA (Volkov et al. 1996) and briefly described the IGS structure in N. tabacum (Borisjuk et al. 1997) . Here, we present a comparative analysis of the complete IGSs of the three Nicotiana species and trace the molecular evolution of parental rDNA in the allopolyploid genome of N. tabacum. This analysis demonstrates that at least the majority of rDNA repeats in tobacco originated from N.
tomentosiformis. This rDNA endured essential reconstruction, whereas rDNA repeats of N. sylvestris were eliminated from the allopolyploid genome.
Materials and Methods

Construction of a Genomic Library and Isolation of Clones Containing rDNA
Seeds of Nicotiana species were obtained from the collection of the Institute of Tobacco Breeding (Krasnodar, Russia), where voucher specimens are preserved. Nuclear DNA was isolated and purified from leaves of 3-4-month-old plants according to the method described by Borisjuk et al. (1989) . DNA was digested with EcoRI and XbaI and ligated into pBluescript SK (ϩ) or into pEMBL18. Recombinant DNA was transformed into E. coli strain SURE. The library was screened for rDNA using a fragment containing the 3Ј end of the Arabidopsis thaliana 25S rRNA gene (Gründler et al. 1991 ) as a probe. Several clones, corresponding to all size classes of IGS, were isolated.
Restriction Enzyme Analysis and DNA Sequencing
Restriction maps for clones containing the complete IGS were constructed using 18 enzymes, some of which were used to obtain subclones for sequencing. Nested deletions were also generated for subrepeat regions using exonuclease III/nuclease S1 or exonuclease Bal31 according to published protocols (Sambrook, Fritsch, and Maniatis 1989) .
DNA sequencing was performed using a T7 DNA polymerase sequencing kit (Pharmacia) according to the supplier's instructions. Synthetic oligonucleotides were used as primers. Data obtained were analyzed using DANASIS and PC GENE software. The nucleotide sequence data reported appear in the EMBL, GenBank, and DDBJ nucleotide sequence data bases under accession numbers X76056 (N. sylvestris, pNsv-2), Y08422 (N. tabacum, pNt-4), and Y08427 (N. tomentosiformis, pNtm-1).
Results
General Description of IGS Organization in Nicotiana
Earlier restriction mapping showed that fragment patterns for N. tabacum differ from those of its presumptive parents (Borisjuk et al. 1989 (Borisjuk et al. , 1997 Volkov et al. 1991) : rDNA of N. tomentosiformis possesses only one length repeat type (11.9 kb) whereas two main types are present in N. tabacum (10.3 and 11.2 kb) and in N. sylvestris (9.7 and 10.0 kb). To understand why the rDNA of allotetraploid tobacco differs from the rDNA of its presumptive diploid progenitors, we cloned the rDNA for the three species and isolated several IGS clones corresponding to all length variants mentioned above. These clones were compared by restriction mapping with 18 enzymes. Some of these sites appeared to be specific for N. tomentosiformis and N. tabacum, whereas others are present only in N. sylvestris ( fig. 1 ). All clones of N. tomentosiformis were identical. Intragenomic IGS heterogeneity found for the other two species studied (N. tabacum and N. sylvestris) was connected only with differences in the presumptive subrepeat regions (see also below).
For more detailed analysis, one clone of the long IGS variant of N. tabacum (pNt-4; Borisjuk et al. 1997) , one clone of the short IGS variant of N. sylvestris (pNsv-2), and one clone of the IGS of N. tomentosiformis (pNtm-1) were sequenced. Seven different structural regions (SRs) were described for the IGS of N. tabacum (Borisjuk et al. 1997) . Similar SRs are also present in the IGSs of N. sylvestris and N. tomentosiformis, based on sequence comparison, Harr-plot analysis (figs. 2 and 3), and evaluation of GC content (not shown).
rDNA of N. tabacum Originated from N. tomentosiformis
The external transcribed spacer (ETS; SR V-VII) in the parental diploids demonstrated species-specific features (Volkov et al. 1996 ) that can be used to determine the origin of rDNA in N. tabacum. Sequence comparison described here for the complete IGSs of all three Nicotiana species confirms this assumption. The main parts of the IGSs appear extremely similar in N. tomentosiformis and N. tabacum ( fig. 2 ): ''unique'' SR I, III, IV, V, and VII are nearly identical in these two species. Subrepeated regions SR II and SR VI of N. tomentosiformis and N. tabacum also show a high level of sequence similarity ( fig. 2 ), but the sizes of these SRs differ in the two species due to different numbers of subrepeats (see also below).
In contrast, the IGS of N. sylvestris differs markedly in sequence from the IGSs of both N. tomentosiformis and N. tabacum, although the overall structure appears to be very similar (figs. 2 and 3). in the central portion of SR II. In N. tabacum, C superrepeats 1-8 are deleted, whereas superrepeat 11 is amplified relative to the sequence of N. tomentosiformis ( fig. 4) . As a result of these molecular reconstructions, SR II in N. tabacum is approximately 1.6 kb shorter than SR II in N. tomentosiformis. In N. sylvestris, C superrepeats are not observed.
In SR VI of Nicotiana IGSs, each A subrepeat differs from the corresponding consensus sequence by several specific base substitutions ( fig. 5 ). Consequently, it is possible to distinguish each A subrepeat in the IGS and to trace its origin and molecular evolution: tomentosiformis-like A subrepeats 2 and 5 were amplified once and A subrepeats 3 and 4 twice in the rDNA of N. tabacum (see figs. 5 and 7). Apparently, amplification proceeded more intensively in the central portion of SR VI. Furthermore, A subrepeats are more homogeneous here than at the 5Ј and 3Ј portions of SR VI (Volkov et al. 1996) . Thus, subrepeat homogenization seems to be connected with amplification events. Therefore, as a result of A subrepeat amplification, SR VI in the sequenced IGS var-
FIG. 2.-Comparison of the IGSs of three
Nicotiana species: Nsv, N. sylvestris short (9.7 kb) repeat variant; Ntb, N. tabacum long (11.2 kb) repeat variant (Borisjuk et al. 1997) ; and Ntm, N. tomentosiformis. TIS ϭ putative transcription initiation site; SE ϭ species-specific element (see fig. 6 ). Roman numerals refer to structural regions. Percentage of sequence similarity is shown. For C and A1/A2 subrepeat regions, see also figures 4 and 5.
iant of N. tabacum is 0.8 kb longer than that in N. tomentosiformis.
Intragenomic/Intraspecific IGS Polymorphism
As mentioned above, only one IGS clone for each Nicotiana species studied was sequenced. Does this sequence information reflect the molecular evolution of all copies of rDNA? Are sylvestris-originated rDNA also present in N. tabacum? Some restriction enzyme sites are specific for N. tomentosiformis/N. tabacum, and others are specific for N. sylvestris IGS ( fig. 1 ). Using such species-specific restriction enzymes for mapping, no sylvestris-like DNA was found in N. tomentosiformis or N. tabacum and vice versa, as previously shown by Southern blot hybridization for genomic DNA (Borisjuk et al. 1989 (Borisjuk et al. , 1997 Volkov et al. 1991) and confirmed here by mapping of several cloned IGSs of Nicotiana species studied (see fig. 1 ). These experiments also showed that intragenomic IGS heterogeneity in Nicotiana is low and is mainly connected with size variability due to different numbers of subrepeats in SR II and VI. All data available indicate that SR IIb in the 10.3-kb repeat variant of N. tabacum is shorter than that in the IGS of N. tomentosiformis (due to C subrepeat deletion), whereas SR VI maintained the same size ( figs. 1 and 7) . In the 11.2-kb repeat variant of N. tabacum, the length of SR II is the same as in the 10.3-kb repeat variant, but SR VI is longer (due to amplification of A subrepeats). The simplest explanation for these data would be that in the genome of N. tabacum, the short IGS variant originated directly from N. tomentosiformis, whereas the long variant evolved during further evolution of the allopolyploid genome ( fig. 7) . In the long rDNA repeat class of N. tabacum, the distance from the TIS to the 5Ј end of the 18S rRNA gene seems to be longest in Nicotiana (Borisjuk et al. 1997) . Reduction of the subrepeated region upstream of the TIS (SR II) seems to be partially compensated by extension of the subrepeated region downstream of the TIS (SR VI).
To investigate the low level of rDNA polymorphism in Nicotiana, we compared our N. tabacum IGS with the rDNA IGS sequence of N. tabacum cv. petit Havana SR 1 present in the EMBL database (Yakura et al., unpublished; accession number D76443). The two IGS clones are nearly identical (98%-99% similarity, not shown) with one exception: the Havana IGS variant contains one less A subrepeat than our IGS clone. This difference likely results from different A subrepeat amplifications in these two IGS variants (see fig. 7 ).
For N. sylvestris, several short sequences (DePaepe, unpublished; accession numbers X91493-X91497) homologous to A subrepeats are present in the EMBL database. Only a few point mutations (not shown) distinguish these clones from the corresponding regions in our N. sylvestris IGS sequence, indicating that independently obtained Nicotiana IGS clones demonstrate extremely high intraspecific sequence similarity.
Thus, if other variants of rDNA units occur in the genomes of Nicotiana species analyzed here, these variants must be present only in low copy number. Therefore, our data reflect molecular evolution of at least the major portion of rDNA repeats in N. tabacum. proximately four times fewer rDNA cistrons than the sum of the rDNA amount in the genomes of its presumptive progenitors. Together with our rDNA mapping and sequence data, it appears that sylvestris-originated rDNA has been eliminated from the allopolyploid genome of N. tabacum, whereas tomentosiformis-originated rDNA was a starting point for allopolyploid-specific rDNA repeat formation. Kenton et al. (1993) demonstrated that N. tabacum has large, functionally active rDNA blocks on the chromosomes derived from the paternal parent (N. tomentosiformis), but there are also small rDNA loci on chromosomes derived from the maternal parent (N. sylvestris). Our data now suggest that the rDNA loci on sylvestris-derived chromosomes contain tomentosiformis-like rDNA, either as a result of gene conversion, as has been proposed for rDNA internal transcribed spacers (ITSs) in allopolyploid species of Gossypium (Wendel, Schnabel, and Seelanan 1995) , or by stepwise elimination of sylvestris-derived rDNA at first and subsequent replacement by tomentosiformis-derived rDNA as a result of interchromosomal homologous recombination.
Discussion
Nucleolar Dominance in Plants and rDNA Organization in N. tabacum
Earlier studies showed that in interspecific hybrids, the NOR of one parent is functionally dominant over the NOR of the other parent (nucleolar dominance; Navashin 1934) . It has also been revealed for several Triticum-Aegilops interspecific hybrids that NOR-containing rDNAs with long IGSs dominate over NORs with short IGSs (Gustafson, Dera, and Petrovic 1988; Dvorak 1993) . Length difference is caused by different numbers of subrepeats upstream and/or downstream of the TIS (Hemleben and Zentgraf 1994) . In Triticum, subrepeats upstream of the TIS function as enhancers, probably by interaction with specific DNA-binding proteins (Sardana, O'Dell, and Flavell 1993) . One proposed mechanism of nucleolar dominance involves competition between ribosomal genes that possess unequal numbers of enhancer elements for limited concentration of transcription factors (Reeder 1985; Sardana, O'Dell, and Flavell 1993) . Lack of these binding factors leads to differential NOR inactivation by chromatin condensation that is connected with cytosine methylation and histone acetylation, as shown for Triticum-Secale (Houchins et al. 1997) and Brassica (Chen and Pikaard 1997) hybrids. Similar observations have also been made for animals, indicating that nucleolar dominance is a common phenomenon for all eukaryotes (Reeder 1985) .
For natural allotetraploid N. tabacum, it is not possible to obtain direct information about rDNA behavior at the first stages of hybrid genome formation. However, the observation that rDNA blocks on the tomentosiformis-like chromosomes are most strongly expressed in modern N. tabacum (Kenton et al. 1993 ) can serve as indirect evidence for earlier dominance of tomentosiformis-originated rDNA. Tomentosiformis-donated rDNA may dominate over sylvestris-donated rDNA because the IGS of N. tomentosiformis is much longer than that of N. sylvestris and contains more A and C subrepeats. C subrepeats of Nicotiana demonstrate short motifs common to subrepeated regions upstream of the TIS in distantly related Solanaceae, Solanum tuberosum/Lycopersicon esculentum (Borisjuk and Hemleben 1993) , and Atropa belladonna (unpublished data), indicating a functional role in transcription regulation. Some of these motifs (GACGT G C ) appear similar to binding sites of Gbox proteins, which are involved in transcriptional enhancement in eukaryotes (Menkens, Schindler, and Cashmore 1995) .
Differential interaction of species-specific transcription factors with the rDNA promoter region may also be involved in nucleolar dominance (Reeder 1985) . However, we think this is not the case for N. tabacum because the IGS regions around the putative TISs (approximately from Ϫ100 bp to ϩ20 bp) are highly similar, not only among the three Nicotiana species studied, but also in potato and tomato (Borisjuk et al. 1997) . A relationship among metabolic activity, rRNA synthesis, rDNA methylation, and chromatin structure has been found for plants, but an essential portion of rDNA remains transcriptionally inactive even in cells with an active metabolism (Watson, Kaufman, and Thompson 1987; Conconi, Sogo, and Ryan 1992) . Apparently, eukaryotic and, especially, plant cells contain more rDNA copies than are necessary for a functional translation machinery (Hemleben et al. 1988 ). Therefore, it is reasonable to suppose that nucleolar dominance and/or rDNA elimination in polyploids is an example of transcriptional silencing of excessive rDNA.
It seems possible that differential elimination of N. sylvestris rDNA followed its functional silencing in N. tabacum. Apparently, the IGS of rDNA in plants and animals contains an origin of replication ( Van't Hof and Lamm 1992; Gögel et al. 1996) . Therefore, chromatin condensation of inactive NOR could prevent normal replication and stepwisely lead to rDNA elimination. Partial rDNA elimination from suppressed NORs has been observed in cereals (Gustafson, Dera, and Petrovic 1988; Dvorak 1993) . New rDNA Variants in Polyploid Genomes rDNA organization has been studied for interspecific hybrids (both diploid and tetraploid) from several plant families (e.g., Doyle, Soltis, and Soltis 1985; Soltis and Soltis 1991; Wendel, Schnabel, and Seelanan 1995) . IGS organization has been described in detail for polyploid and diploid species of the Triticum-Aegilops complex (Flavell and O'Dell 1976; Gill and Appels 1988; Vakhitov, Chemeris, and Akhmetzyanov 1989; Dvorak 1993) . rDNA blocks are present at several chromosomes, but most of the rDNA in polyploid Triticum species originates from the diploid progenitor that provides the B-genome (Flavell and O'Dell 1976; Sardana, O'Dell, and Flavell 1993) . Unfortunately, despite numerous studies, the presumptive B-genome donor is still unknown (Nath et al. 1983; Gill and Appels 1988; Graur, Bogher and Breimam 1989) . It seems likely that the B-genome in the polyploids has a polyphyletic origin and that Triticum speltoides probably donated B-genome rDNA to tetraploid wheats (Gill and Appels 1988) .
Clear knowledge about the progenitor diploid species of N. tabacum allowed us to show elimination/replacement of maternal sylvestris-originated rDNA and rearrangement of paternal tomentosiformis-originated rDNA in the allopolyploid genome of N. tabacum. Interestingly, in synthetic Brassica allotetraploids, significant changes in the paternally derived genome were also observed, whereas the maternally donated genome demonstrated no modification (Song et al. 1995) .
In N. tabacum, we observe the formation of new rDNA variants by rearrangement of subrepeats in the IGS of tomentosiformis-donated rDNA. Partial loss of C subrepeats from SR II was compensated for by amplification of A1/A2 subrepeats in SR VI, forming the long variant of N. tabacum rDNA. Similar length compensation for repeated elements upstream and downstream of the TIS was described for the IGSs of potato and tomato (Borisjuk and Hemleben 1993) .
High sequence similarity exists between the IGSs of N. tomentosiformis and N. tabacum: even specific point mutations are nearly identical in subrepeated re- gions (see fig. 5 ). Nevertheless, the IGSs of N. tomentosiformis and N. tabacum differ in number of subrepeats, and the N. sylvestris-donated rDNA has disappeared from the tobacco genome, suggesting acceleration of elimination/amplification/replacement events after allopolyploidization.
Conclusions
Proceeding from the data available, it is possible to postulate several steps in the molecular evolution of N. tabacum rDNA subsequent to allopolyploid formation ( fig. 7 ): (1) Nucleolar dominance-after hybridization of the parental diploid species, N. tomentosiformis rDNA, with its longer IGS, dominated over the N. sylvestris rDNA, with a shorter IGS. (2) Differential elimination/ replacement-functional inactivation of N. sylvestris rDNA was accompanied by the structural inactivation via stepwise elimination. The remaining arrays of sylvestris-like rDNA were substituted by tomentosiformislike rDNA via interloci conversion and/or translocation. (3) rDNA rearrangement-in tomentosiformis-originated rDNA, the subrepeat region upstream of the TIS (SR II) endured substantial reduction due to partial deletion of C subrepeats (formation of the short variant of N. tabacum rDNA), whereas the subrepeat region downstream of the TIS (SR VI) became longer due to amplification of the A subrepeats (formation of the long variant of N. tabacum rDNA). Thus, repeated sequences in allopolyploid genomes appear to be a target for essential molecular reconstruction, well supporting our earlier assumption (Miroshnichenko, Volkov, and Kostishin 1988) and the opinion of other authors (Soltis and Soltis 1995) about the dynamic nature of polyploid genomes.
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